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the ettects may be protound. IDC OCEA TO IOTCCART ANG MOHIECT POCSE CHVLLans
mental offects has been accelerated by legal requirements, and bv increased

civic and corporate concern.

Forecasting the physical, chemical, and biological cousequences of
man-made changes in the near-coastal environment is costly and time-consuning
for several reasons. The geographical areas of concern are typically quite
large. Many parameters are of interest. The number of tield measurements
required to produce meaningful data implies the considerable expense af
vessels, crew, and equipment. Many of the parameters are affected by vari-

S

ables such as the season, wind speed and direction, and tidal phas

measurement programs must be carried out over a long term.

Computer models* are a promising new tool for reducing the costs in-
volved. When coupled with appropriate proper field measurements, computer
madels can provide consultants, govermment agencies, and industry with drastic
cost reductions both in predicting environmental changes and in monitoring

the effects of such changes.

With Sea Grant sponsorship, researchers at MIT and other institations
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Mathematical mode¢ls or numerical models are formally a more proper name, but
the techmigues all require digital computers ro implement, thus we Cholse
computer models.
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and dispersion in a body of water. Using these models, together with gelected
field measurements as input, it is possible to forecast where a substance
(municipal sewage, for example} introduced at gome point, will be transported
as a result of currents driven by prevailing winds and tides. PRy modeling

the dispersion of a substance, it is further possible to make predictions
about concentrations of the substance at various points alonp its travels.
While information on circulation and dispersion patterns is valuable in itself,
these two physical processes also form the basis for developing other predic-
tions about chemical and biological transformations that occur when a sub-

stance is Introduced into near-coastal environments.

The MIT Sea Crant models were developed for Massachusetts Bay, and have
been tested, modified, and verified in a variety of applications, inrluding
studies of sand and gravel nmining and nuclear power plant effluents. The
models have z2lso been successfully applied to power-plant site evaluations in
Naragansett Bay (Rhode Island}, to potential storm surge effects at the pro-
posed Atrlantlc Electric Genmerating Stations off the New Jersev coast, to

currents in the Great Bay Estuary (New Hampshire), and to tidal flushing of

IMTTUTANS i B148ayhe bay (Florida) afd Wany OCOGT ProULems .

The Sea Crant models offer several important benefits. Tirst, they
are widely applicable. The general programs, complemented with appropriate
field data, can be used to model a wide variety of environments. Second, they
facilitate the study of alternatives, because it is easy to vary the input
data and analyze the results. Third, the models provide information that
permits more informed selection of field measurement sites, reducing the costs

and minimizing the amount of data needed for an adequate analysis.
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Like most sophisticated tools, effective use of the Sea Grant computer
models requires a blend of art, science, and expericnce. They require main-
tenance, and they can create probiems when incorrectly used.  Thelr use re-
quires some compebence In computer geience, a good understanding of coastal
processes, a knowledge of the design of experiments, and some art and skill in

applying the peuneral programs to the specific problem at hand.

We see three similar, but different ways in which Collegium members

might profit through use of these models.

(1) Governmental apgencies and other organizations that necd the
results of these models far outnumber the companies or individuals who can
implement and apply them effectively. As a result, consultants and industrial
research groups may use the models in their present form cither as a basis of
4 new business or as a way to make their present environmental consulting and

engincering activities more efficient and profitable.

(?) Further extensions to the existing programs are possible and
needed, The present models provide a framework within which industrial re-
search groups can build additional extensions and more complete models for

their own needs.

(3) Certain problems related to the use and further development of
these programs which are apparent to one or more industrial partmers might be

appropriate for further MIT Ses Grant research projects.

(3)



2.0 MODELING OF NEAR COASTAL ENVIRONMENTS

2.1 Scale Models and Mathematical Models

Descriptions of the effects of a particular change in the onvironment
are difficult (and in some senses impossible) to quuantifv, Effects take place

over wide areas and ray vary with depth. Thus, a description of "before" and

af ter~ BLaves may require quantitf{cation of many variables (currents., pollu-
tant density, temperature, for c¢xample) over three dimensions (x,v,z). All
variables are functions of time, as they depend on time of day, tides, lunar

cycles and/or season.

Civil enginecrs have long faced problems of forceasting the migration
and fate of dredge spoils, the level of rivers, the effects of modifications
of shorelines, dredging, and the like. Historically, scale models (i.c.,
physical medels on a scale of 1:1000, 1:10,000, 1:100,000) have been used Lo
predict the behavior of rivers and of certain near-coastal environments.
Unfortunately, secaling over such a wide range is fraught with difficulties.
For example, the parameters of interest don't all scale in the same way:
some are direet functions of size, some are inverse functions of size, and
some are independent of size. Depths must often be scaled differently than
lergth and width. Also, physical scale models are very costly to build and
maintain, and their application requires as much art as science. The main
shortcoming of scale models is that they are site specific - a model of the
Mississippi doesn't help predict flows in the Hudson River. Despite these
difficulties, physical scale models are useful when coupled with extensive

field measurements.

Finding analvtically closed solutions presents grave difficulties.

(4)



The differential equations of motion, of contiouity, and of conservation of
miss can be easily written down, but their formal clesced solutions arve Impos-

aible for auvthing exvept the simplest geomelrv.

Numerical solutions have alwavs heen possible, but the computalfonad
burdens have been formidable. Over the past two decades the availability and
decreasing cost of digital computers have made numerical solutions practical
and useful. Partly as a result, there has been a concomitant interest in
numerical modeling of fluid processes. Reference [1] gives an excellent
summary of the state-of-the-art of numerical modeling as of 1970, and dis-
cusses in detail the use of physical models, analogue models, hybrid digital/

analogue models, and digital models as solution techniques.

In Reference [17, all the medels that use digital computers are imple-
mented using Finite Difference techniques. A more recent development is the
use of Finite Element Mcthods for numerical solutions of differential equa-
tions of state for fluid media. Fivite Element Methods have been used in
atructural mechanies over the last decade. As noted in more detall below,
the Finite Flement Methods provide advantages with respect to flexibilicy and
adaptability over Finite Difference Methods. The range of fluid flow problems
that can be modeled by the finite element technique is suppested in the two
volumes of Refcerence [2]. A 1974 bibliography, Reference [3}, lists a wide

variety of models for near-coastal environments.

2.2 Advantages of Computer Models

Present legislation requires that the environmental impact of a pro-

posed construction project be evaluated not only for the proposed site, but

(3)



also for one or more alternatives as well,  Thus, one wight for example, have
to show not only temperature fields for one configuration of a cooling water

outlet, but for two - or Lwenty - alrernatives. Such reguirements indicate

both the need and advantages of computer modeling techniques,

Computer models can also be useful in planning and understanding the
dynamics of an environment, by giving the planner a tool to forecast relative
effects of different scenarios. Computer models allow one to play "what if"
games on the envivonment at a very low cost compared with other modeling tech-
niques or with full scale field-measurements programs.  "Whar if' pame plaving
is a powertful tool Tor obtaining insights into the behavior of complex systems.
It provides a way to simulate the results of experiments without actuilly

carrring sut the experiment in the field.

2.3 Models and Measurements

Although models can be extremely powerful tools for researchers, it is
itmportant to remember that MQHELﬁNQRﬁmNQf_RﬁAEITY. The use of computer models
Is generally an exercise in futility without constant refercnce to the real
world through a measurement program that provides data to drive, to test, and

Lo retest the model.

One of the unique advantages of computer models is their ability to
shed new understanding on the field measurement program. Such an understand-
ing provides decision-making criteria that can make the required field mea-
surements fewer, less expensive and more reliable, Reference [/].  Improved
field data te drive and calibrate the model, in turn, lead to more accurate,

less expensive forecasts.

(6)



2.4 The Solcection of Finite Flement Models

The basic criterion for the usefulness of a model is "can it be used

to represent the real werld in a way that can be verified either analytically
or experimentally." Only if this criterion is wet can he model he nsed with

some degree of assurance to predict changes or effects in the environment that

camot be verified, because of cost or some other constraints,

Tdeally, a model should also gsatisfy a sccond criterion of usefulness:
it should he convenient to apply in a wide variety of situations in order fo

justify the substantial time and cost required to create the model.

Numerical models generally satisfy the first criterion easilv, but
the second criterion is more difficult to satisfy. All numerical methods
require that a continuous real system be represented as a set of discrote,
finite segments interconnected with one another., Modeling in discrete seg-
ments can ba donc in a number of ways, so long as the variable of Interest

does not change substantially over one of the finite elements.

The classical Finite Difference Method when applied to a problem with
two spatial dimepsions requires that the descrete segments be represented as
a constant square grid mesh. If a square, fixed-size grid can be made to
represent a specific physical environment in a convenient wav, then the Finite
Difference Mcthod has an advantage over the Finite Element Method; u Finite
Difference Model will generally require a smaller amount of computer memory

and less computer time for trunning. However in most cases, researchers

today choose the Finite Flement Method because of its flexibilitw,

The Finite Flement Method permits the use of more arbitrary geometrics,

(7}



i.e., the shape of the grid may be triangular, rectangular, or square, and

the size of the basic element need not be constant. Thus, arbitrary boundary
shapes can be represented more easily with the Finite Element, Method than with
ﬁhe Finite Difference Method. 1In addition, areas in which variables are
expected to change rapidly (in a spatial sense) can be represented with small
grids and areas of slower change can be represented with larger grids. This
flexibility in choosing the size and shape of discrete grid elements is the

essential merit of the Finite Element Method.
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3.1 Circulation Models

The most Iimportant feature of the fesr-coasta]l covivonment D bevdres
dynamic circulation, since the bioloeical, chemical, and thermal processes
are strongly dependent on cireulation.  The T Sea Crant eireulaf fon medots,
which are designed for use {n near-coastal eanvivonsents, are thux an impworrant
building block in the development of models of other envivonmental featuares,
0il spill models also require circulation patterns as nput (e for exwampio

Ret. [51).

3.11 CAFE-1

The basic model, CAFE-1, is a depth-averaeed, two-dimensional modeld
that produces current vectors over an aren of interest. The curreut sapni-
tude at each position represents the averapge. over depth, of the current at
that position. This averapge current when multipltied by a representative area
gives a net volume tlow through an area. focause the model gives a single
velocity, we refer to it as a one-layer model. A typical vecter cuarrent
output, is shown in Fignre 1. By futegrat ion, a representative porticle

paths can be obtained as shown in Figure 2.

srid Layouts. To use CAFE-1 for a specific body of water, one mst

first divide the area of interest into a finite number of criangular sections.
The larger the number of sections (i.¢., the smaller cach triangle is), the
better the correspondence between the model and the actual situation. However,

a large number of sections requires a large computer memory and long computer

running times. Thus, some arr" is needod to compromise hetween fine rescolu-

tion and cost. Variable grid spacing allows rne to have fine spatial resalu-

(9)
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tion in arcas of special interest, in areas where spatinl gradicents are

expected to be large, or near sources of pollution or thermal discharge.

In our studies of Massachusetts Bay, for example, three areas of
special interest are reflected in the grid shown in Figure 2: a proposed
sand and gravel dredge site, the coast near the Pilpgrim Nuclear Power Station

{PNP3) and the entrance to the Cape Cod Canal (CCLY,

For more detailed studies of a particular area, a powerful stepwise
procedure can be used. First, the model can be run using a coarse grid to
establish currents and tidal heights on the perimeter of a subarea (dark line
in Figure 3). WNext, the subarea can be finely divided by a much smaller grid
(see Figure 4). The model is then run for the subarea using the values on
the perimeters from the first run as input boundary conditions for the second
run. Thus, the large, coarse Massachusetts Bay grid shown in Figure 3 wasg
combined with a fine grid around PNPS in Figure 4 to form the system shown

in Figure 5. (Se¢ Ref. [H].)

Other adaptive procedures and preblems are given in Reference [7]. A
basic constraint is that the current version of CAFE-1 requires a fairly large

core storage — on the order of one-fourth to one-half a megabyte.

Data Input. In modeling, the complete set of data required for the
model usually are not known a priori. (If all of the input data were known,
the model probably would not be necessary.) The process of using a model
requires the following procedure: input all of the known data into the

podel; assume (guess at) values for unknown data; run the model; make {ield

measurements; compare model results and field data; and then recstimate

{12)
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tool as well as a forecasting tool.

Data requirements for CAFE~1 are spelled out io detail in Reference

[8]. Briefly they are:

(a} mean low water depth at each node;

(b) bottom friction and eddy viscosity coefficient at each node or
average volume;

{¢) latitude (for Coriolis effect), tidal period, water density;

(d) tidal amplitades and phases along area boundaries;

{e) location and magnitude of prescribed water flows and heights;

(f) magnitude and direction of wind over time;

k)
_ &’4=11
!g; 1n1fIAl height and TIOXGS 4t edcn node Liniulal uuuu;uf%%5;-

Ttems (b) and (d) are frequently very difficult to obtain a priori and
a combination of field measurements and model runs will have to be used to

determine appropriate values. We refer to this process as tuning the model.

3.12 CAFE-2
CAFE-2 is a two-layer model correspending to CAFE-1. Tt is applicable
to environments in which a warm upper laver of water overlies a colder lower

layer, as is typical of the near-shore ocean environment in the summer.

Use of the program requires a knowledge of the depth of the upper
laver and depth of the lower laver at all grid points. Reasonable approxima-

tions are usually known or can be determined from field data.

(16}



Current and tide data for a two~laver systeom are especially important,
since their values along the ocean bhoundary provide the prime forcing functions
for the model. However, these data are extrenely difficult to calibrate and
are time-congsuming and expensive to measure. Thus cetffective use of this
model is very dependent on the interplav between the model and experimental

measurement programs.

Figure 6 shows the output of a typical run of CAFE-~2 in which particle
paths are shown. The figure suggests that an effluent in the bottom laver
would remain trapped in Massachusetts Bay after one week while one in the top
layer would be flushed out of the Bay. Relevant applications of this model

are given in References [6] and [137.

Although the difficulties of creative use of two-laver models have
been cmphasized, such models may be essential to provide a3 useful representa-—
tion of the "real world.” The density stratification and velocity differences

(including counter-flows) cannot be investigated with a single-layer model,

1.2 Dispersion Models

Circulation medels provide important information about hydraulic flow
fields. However, from a practical viewpoint the main interest is not the flow
field, but rather the transport and dispersion of some pollutants {or thermal
energy} from a source throughout the region of interest. The integrated
velocity cutputs of CAFE-1 that can trace particle paths are sometimes
helpful in qualitatively describing transport. To adequately describe the
physical situation, however, a model that solves some form of the convection-
diffusion equation is needed. The DISPER models provide such a solution,
ugsing the output of CAFE models to provide the basic flow fields. The

fundamental simplifying assumption is that the flow fields are not

(17}
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tuents of interest. This characterization must include the location of cach

source, the time duration, and the magnitude of the source.

Perhaps the most difficult experimental data to obtain are the disper-
sion coefficients (and, if appropriate, decay coefficients), which describe

the dispersion of the concentrated pollutant (and its rate of settling to the

' —!‘- LS T T e ik S SR pa VI A WS R S YN I, LY e & TN 1 S W) o 4 L ¥ s L 5os o O

ate values for dispersion and decay for some sediments found in coastal

waters.

The outputs from the program are the depth-averaged concentrations
(mass per unit volume) and, for decaying pollutants, average concentrations
(mass per unit area) on the bottom. Both quantities are given as functions

of time.

The DISPER programs are particularly useful in determining the effects,
if any, of the timing of the release of a pollutant at various points in the

local tidal cycle. By running the program several times with releases at

{19



different times durinp the tidal cvele, optimal timing for releases may be

found.

DISPER~1 is a useful model provided that the vertical water column is
well mixed so that such varlables as velecity and density are reasonably
uniform in the vertical direction. This case obtains in winter months in New
England and other Northern waters. In summer months, however, solar heat
creates a density stratificacion. By mid-summer a strong thermocline develops
and the water is divided into two-distinct lavers. The dynamics of such a
system cannot adequately be described by a single-layer model. The influence
of the thermocline on dispersion and decay may be profound, even if cffects

on circulation are small.

The use of a single layer model may also be invalidated as a result of
bottom topography. For example, those familiar with the topography of
Massachusetts Bay will recognize that Stellwagen Bank must exert a significant
influence on the vertical distribution of currents clese to the Bank. Thus
even in winter, two-laver circulation and dispersion models are probably
necessary to provide a meaningful description of dispersion phenomena nearx

the Bank.

3.22 DISPER-2

NISPER-2 diffcers from DISPER~L in ways similar to the way CAFE-2 differs
from CAFE-1; that is, input must be specified in two-lavers and outputs are
siven in two-layers. A major limiting factor in the use of the model is the

availability of appropriate field data to provide the two-layer inputs.

An additional difficulty in using DISPER-2 is the fact that transport

(20)



of momentum through the interface separating the two-lavers is aot well under-
stood. This interfacial transport of momentum represcnts the "coupling”
hetween the two layers and thus it is very important thuat the coupling
coefficients be reasonably accurate. Special care must be taken Lo acquire

field measurements that will previde data concerning appropriate vatues for

coupling ceefficients.

A typical output from a two-layer dispersion model is shown in Figure 7.

N TH18 (Asd, ThHe Model! was used to study the release ot o a polluatant nedr the

site of the Nomes Project. In the lower laver, circulation is slower than in

the top layer, resulting in higher concentration of the dispersant throughout

the bay.

The problems of two-layer models have been addressed in Refercnces [6]

]
H
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phenomena it is intended to...with respect to interfacial transport and dif-

fusion and transport in the individual lavers." [13]

(21)
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4.0 APPLICATIONS OF THE SEA GRANT MODELS

The future wsers of the MIT Sea Graat Computer “wnlels will benefit from
the exercise and debugpging the models have had by application to real problems.
AU least 15 research organizatioens throughout the woerld have obtained coples
of the programs aond are using them. The applications hriefly outlined below
also suggest the range of applicabitity of the programs to research projects

and to real world problems. They represent efforts by other Sea Grant

Institutions who are using the models.

4.1 Pilgrim Nuclear Power Station Studies

Pilgrim Nuclear Power Station, owned and operated by the Boston Edison
Company, has an open cycle cooling system. For enginecring and licensing
purposes, more information was required concerning the potential for recircu-

lation of heated water, the origin and fate of biota drawn into the intake,

the effects of water currents on the effects of the PNPS throughout Massachu-

Ak 1  Je—

Edison personnel resulted in clarification of the issues as described in

= I e — i TS WLt Dot B

Reference [6].

The Sea Grant Models are ideal for this type of problem. The large
amount of time used on Boston Edison's IBM 370/158 was more than paid for by
the relatively low cost of the experimental program and the immense amount of

data obtained relative to the previously poorly understcod phenomena.

(23)



The MIT models were used to investigate the cffect on existing flow
patterns caused by a hypothetical nuclear electric generating station at
Rome Point, Rl. A few weeks of ridal data provided the forciapg function.

Very limited field meansurements coupled with the model produced the required

information. (Sce Ref. [7]1.)

N . -y . -
Under the sponsorship of MIT Sea Grant ‘-lm.F{ ames and Mooro, InNce.,
James Pagenkopf and Bryon R, Pierce have investigated the application of

CAFE~1 to predicting the storm surges in the near-coastal environment. The

study was done in conjunction with other studies concerning the safety and

environmental impact of the proposed nuclear Atlantic CGenerating Station.

Extensive comparisons were made of Finite Difference Models and Finite
Element Models. The medels were calibrated using extensive data from the

hurricane of September 14, 1974. (See Ref. [10].)

4.4 The Great Bay Estuaty

B. Celikkol and R. Reichard of the University of New Hampshire {1
are adapting the Sea Grant Models te the Great Bay Estuary, which is one of
the largest estuaries opening on the gulf of Maine. Hvdrodynamically, it is
a complex area as suggested in Figure 8. Creat Bay itsell is characterized
by tidal flows and a network of channels, while the Piscatagqua River is
characterized by large (fast) tidal flows. Little Bay, which connects Great

Bay and the Piscatagua, has complex turbulent flow patterns.

(24}



FIGRE 8
GREAT BAY ESTUARY SYSTEM
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The wmodel building for this area is perbaps the most ambiticus under-
taken to date. Four geparate interconnecting models are bheing used to repre-
sent Portsmouth Harbor, the Piscatraqua River, Little Bay, and Creat Bay.

The model is in a preliminary operating condition, having been calibrated
with a few field measurements. Data from a joint UNH/NOS survey will be used

to calibrate the model in more detail. (Sce Ref. [l4]1.)

The model ultimately will be used to assist state planners in develop-
ing a master plan for sewage control in the New Hampshire Sca Coast Region.
The model has already been used in furecasting the disposition and fate of
dredging fines associated with a dredglng project at the Portsmouth Naval

Shipvard in Kittery, Maine.

4.5 Biscayne Bay

John Wang and assocliates, with the support of the Florida Sea Grant
Program, have modified CAFE-1 for use in their studies of the ecirculation
in Biscayne Bay and a nuclear power plant cooling pond. At present, investi-
gators are initiating a verification program that involves extensive field

measurements of currents in the Bay.

Future dispersion studies will use DISPER-I in order to determine the

flushing action in the Bay.

(26)
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requirements as well as available output formats, including plotter subroutines,
Ezxamples and sample runs are given for illustrative purpose. The references

cited in the manuals, describe important aspects of application such as

parameter estimation, grid sct-up and numerical stability,

MIT will provide card decks or tapes for users at i nominal cost, or
users may create their own cards and tapes using the complete listing of

programs in the manuals,

We prefer vou use the MIT tapes or cards to eliminate possible errors
in transcription. We keep records of who uses the models so if we {or vou)
find "bugs" and eliminate them, we can notify all known users. Similarly, if
substanital extensions or improvements in the models are made in the course

of ongoing research, we would like to inform present users.

The titles of the manuals and other data are given in References 8, 9,
11, and 12, Please direct your requests to Norman Doelling, Manager, Marine
Industry Advisory Services, MIT, Room 1-215%, 77 Mussuchusetts Avenue,

Cambridge, MA 02139,

(27)
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APPERDTY A

SOME COMMENTS ON THE LBECAL ANO REGULATORY MILIEU RECARDING
CNVIRONMENTAL IMPACT STATEMENTS AND COMPUTER MODFLS

Section 102{2}(C) of the National Favironmental Policy Act of 1949
(NEPA) requires am envirommental evaluation of major federal actions that
could significantly affect environmental quality. The evaluation must include
the environmental impact, the unaveidable effucts, the alternatives, the rela-
tionship between short and long run costs and benefits, and any irreversible
or irretrievable commitments of resources. The result of this evaluation

is the Environmental lmpact Statemont.

The courts have dealt extensively with the interpretation of what con-
stitutes "a major federal action significantly affecting the quality of the
human enviromment” (Reference Al}. Today NEPA reaches well bevond the actions
of federal agencies to actions which are in any part supported or vegulated
by the federal government. These actions include but are not limited to

(Reference A2):

(1) federal funding of projects proposed by the federal government or
other levels of government and private orzanizations;

{2} 1issuing of permits by respunsible federal agencies for changes
or improvements within their jurisdictions;

(3) the leasing of federal land or resource rights;

{4) federal legislation;

(3) administrative duties such as approval for line or rail ahandon-

ment by the ICC.



Many states have passed "mini EPAs'" which model in whele or in part
the national legislation. Rutgers University, using several previous studies
as a bhase, has surveyed the 50 states and reported as of January 1, 1975,
that "32 states have acted legislatively or administratively to establish
NEPA equivalents within the confines of their political jurisdictions” (Ref-
erence A))., The requirement of NEPA for an Environmental Tmpact Statement
is its pivotal element and in one form or another all 32 states have followed

suit.

One other aspect of NEPA deserves mention, particularly regarding the

role of computer modeling techniques, This is the need for quantification.

Section 102(2)(B) of NEPA requires agencies to "identify and develop
methods and procedures--which will insure that presently unquantified envi-
ronmental amenities and values may be given appropriate consideration in

decision-making along with economic and technical considerations.'

Several courts have said that a finely tuned and systematic weighing
process for environmental values must be incorporated (Reference A4). TIf
cost-benefit analysis is used to aid decision makers, then envivonmental
cost-henefit analysis must be incorporated into the EIS in quantitative form.
Mathematical modeling techniques coupled with computers are powertul tools

in predicting and quantifying the costs and benefits of various activities.

Exactly what constitutes an adequate EIS has often been a judicial
decision. The various guidelines are very broad, but for an EIS to stand
up to scrutiny, its methodology must be adequate, clear, and repeatable.
Mathematical models are excellent in this regard, and, if used properly, pro-

vide the backbone of a very strong EIS.

(30)
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